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ABSTRACT

Phages (i.e. viruses that infect bacteria) have been considered as good tracers for the hydrological
transport of colloids and (pathogenic) viruses. Little, however, is known about interactions of phages
with (fungal) mycelia as the prevalent soil microbial biomass. Forming extensive and dense
networks, mycelia provide significant surfaces for phage-hyphal interactions. Here, we for the first
time quantified the mycelial retention of phages in a microfluidic platform that allowed for defined
fluid exchange around hyphae. Two common lytic tracer phages (Escherichia coli phage T4 and
marine phage PSA-HS2) and two mycelia of differing surface properties (Coprionopsis cinerea,
Pythium ultimum) were employed. Phage-hyphal interaction energies were approximated by the
extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) approach of colloidal interaction. Our data
show initial hyphal retention of phages of up to =~ 4 x 10’ PFU mm™ (= 2550 PFU mm™ s™) with a
retention efficiency depending on the hyphal and, to a lesser extent, the phage surface properties.
Experimental data were supported by XDLVO calculations, which revealed the highest attractive
forces for the interaction between hydrophobic T4 phages and hydrophobic C. cinerea surfaces. Our
data suggest that mycelia may be relevant for the retention of phages in the subsurface and need to be
considered in subsurface phage tracer studies. Mycelia-phage interactions may further be exploited
for the development of novel strategies to reduce or hinder the transport of undesirable (bio-)colloidal

entities in environmental filter-systems.

KEYWORDS: marine phages, tracer, hyphae, microfluidic platform, transport, mycelia
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INTRODUCTION

Previous work has highlighted the relevance of phages (i.e. viruses that infect bacteria)? as
promising tracers for fecal contamination or for the evaluation of colloidal and water transport.®**
Although phage tracers have significantly improved our understanding of water and colloid
movement in aquifers®, information on the transport of phage tracers in the complex soil subsurface
is still limited, yet highly needed. For example, accurate descriptions of microbial (colloid) transport
and soil-related transport drivers are needed to assess the risk of pathogen contamination to drinking
water supplies or to develop control strategies and treatment options. Although still rarely applied,
marine tracer phages hold much promise as tracers in subsurface ecosystems, as they and their hosts
are absent in terrestrial ecosystems. Typically, up to 10*° phages (~1 g) can be applied and phage
concentrations of < 10 phages mL™ of recovered water can be detected’ by specific interactions with
their host bacteria using plaque forming unit (PFU) assays.”3°° Subsurface transport of phages (and
other viruses) is driven by environmental factors, phage type and phage interaction with

autochthonous soil microorganisms.** Environmental factors included soil type and texture,*2*3141°

1617 or the degree of water saturation in soil.***®* Other research assessed

electrolyte composition
the influence of virus characteristics such as the effect of the isoelectric point,° combinations of size
and isoelectric point* or the morphology of phages and other viruses.?> While abiotic environmental
drivers have been widely studied, insufficient knowledge exists concerning interactions of phages
and viruses with non-host microbes (termed in the following as unspecific phage-microbe
interactions). Such interactions may be of high importance for the transport and survival of
pathogens in soil and the upper layer of the Earth’s Critical Zone (CZ)%, i.e. the thin, living and
permeable layer that connects the atmosphere with the geosphere. Research on unspecific phage-
microbe interactions mainly evaluated the influence of sterile vs. non-sterile conditions on the fate of

phages.?* These studies suggest better survival of phages and other viruses in sterile rather than in

non-sterile environments.?*??® Other studies have highlighted the role of fungi as mediators for the
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virulence of plant viruses.?’**?° To our knowledge, however, no literature exists on unspecific
interactions of phages with hyphal surfaces or the effect of (fungal) mycelia on waterborne transport
of phages.

Fungi occur in nearly every aerobic habitat, being important drivers of biogeochemical cycles®*®

and fertility of soils. Being the major microbial biomass in soil, they typically develop a spatially
extensive mycelium, which comprises up to 1000 m of hyphae per gram of dried soil.**** Mycelia

also provide ideal ‘logistic networks’ for bacterial evolution®*>%

as well as the transport of bacteria.
Fungal growth is not restricted to saturated environments, as their hyphae are also able to breach air-
water interfaces®’ and thereby connect different soil microenvironments.*> Of central importance for
possible phage transport is the observation that hyphae may change the physico-chemical properties
of their surface®® and hence, alter the water infiltration properties of soils through the production of

large amounts of hydrophobic compounds in the outer cell wall.*

Here, we hypothesized that mycelia might retain phages, due to the physico-chemical interactions of
phages with hyphal surfaces, and hence would influence waterborne phage transport. Using a well-
controlled microfluidic platform, we quantified the effects of mycelia on phage retention and
transport at the micrometer scale. The microfluidic platform allowed single hyphae to be subjected to
a defined concentration of phages and to quantify their interactions by comparing the in- and outflow
concentrations of phages. Two lytic phages commonly used as tracers to follow pathogen
contamination (E. coli T4 phage) or colloidal particle transport?” (marine phage PSA-HS2) were used

as models. The phages belong to different virus families***

and vary in their morphology and
physico-chemical surface properties. Two filamentous soil organisms (Coprinopsis cinerea and
Pythium ultimum) of varying surface hydrophobicity were also implemented. Experimental
observations were accompanied by the extended Derjaguin-Landau-Verwey-Overbeek approach

(XDLVO) of colloidal interaction that describes the forces between charged surfaces interacting in a
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liquid medium. Our findings suggest that the mycosphere may significantly influence the transport

and fate of phages and phage tracers.

MATERIALS AND METHODS

Organisms and culture conditions

Two well-characterized lytic tracer phages were studied (Table 1). The T4 coliphage (T4)* and its
host E. coli (Migula 1895)*® were purchased from Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ, Germany), while the marine phage PSA-HS2 and its host strain
Pseudoalteromonas H13-15 were kindly provided by Dr. B. M. Duhaime (University of Michigan,
USA).* The T4 coliphage (Myoviridae) and the PSA-HS2 (Siphoviridae) are of different
morphology. Both phages were propagated, purified and counted as described previously.? P. H13-
15 and E. coli were grown at room temperature using dilute (50%) 2216E medium® and Luria-
Bertani (LB) medium*. Both phages were stored in SM buffer (100 mM NaCl, 8 mM MgSO,4 7H,0,
50 mM Tris-HCI. pH 7). Phages were quantified by a modified spotting plaque assay technique? by
incubating phage host pairs overnight either at room temperature (RT, 25°C) (PSA-HS2) or at 37°C
(T4 coliphage). The agaricomycete C. cinerea strain AmutBmut pMA412 (C. cinerea) and the
oomycete P. ultimum® exhibit hyphal surfaces of varying hydrophobicity.®® C. cinerea strain
AmutBmut pMA412 constitutively expresses the red fluorescent protein dTomato.*” C. cinerea and
P. ultimum were cultivated on yeast-malt extract-glucose medium solidified with agar (YMG, Table
S2) and Luria Bertani (LB) agar for three days at 30 °C and RT, respectively.*”*

Stability and viability of phage suspensions

Conditioned (i.e., cell-free) media were prepared by cultivating C. cinerea and P. ultimum in
glucose-based liquid CCMM minimal*’ (Table S2) and LB media using a shaker incubator (SM-30,
Edmund Bihler GmbH, Bodelshausen, Germany) at 150 rpm, at 30 °C for 9 d. Conditioned media

were obtained by vacuum filtration of the mycelial suspensions using a glass frit (Schott pore 40,
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DURANG® filter funnel, DWK Life Sciences, Wertheim, Germany) and subsequently stored at 4 °C.
The stability (i.e. phage aggregation and infectivity) of phage suspensions was investigated in batch
experiments at RT in 10 mL glass vials*® containing 6 mL of phage suspensions (10%-10° PFU mL™)
in conditioned media (Fig. S1). Experiments were performed in triplicate by exposing phages to the
conditioned media for 0, 4 and 22 h and subsequently performing a PFU quantification (Fig. S1).
The stability of the phage suspensions was calculated as the ratios of phage concentrations (Table 2).

Similar experiments were performed using fresh media as controls (Fig. S2).

Characterization of physico-chemical surface properties

The contact angles of water 6,,, formamide 6; and methylene iodide 6, were measured using a DSA
100 drop-shape analysis system (Kruss GmbH, Hamburg, Germany). Briefly, mycelia of the
organisms were cultivated for 2 - 3 days on a 0.45 pum-filter (NC 45, Cellulose Nitrate Membrane
Whatman, Maidstone, Kent, United Kingdom) placed on the surface of LB (P. ultimum) or YMG
agar plate (C. cinerea). Filters covered with fungi were removed and mounted on a microscope slide
and the contact angles measured as detailed elsewhere.*®* The zeta-potential ({) for the mycelia of
C. cinerea and P. ultimum were approximated from the electrophoretic mobility of hyphal elements
measured by Doppler electrophoretic light scattering analysis (Zetamaster, Malvern Instruments,
Malvern, UK). Mycelia of both organisms were cultivated for 3 days as described above. The
biomass was then carefully scratched off the filter using a sterile spatula, suspended in 1 mL of SM
buffer (100 mM, pH = 7) and homogenized using a micro-blender according to Potter-Elvehjem
(Carl Roth GmbH + Co, Germany) prior to zeta potential measurement. The zeta potential of PSA-
HS2 and T4 phage suspensions (SM buffer; 100 mM, pH = 7) was approximated as described

earlier.??

Phage transport experiments
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Microfluidic device design and preparation
Microfluidic devices were prepared as described in Stanley et al.*” based on a channel architecture®
that enables laminar flow conditions as a result of actively pumping solutions into the observation

chamber (Figs. 1 & S3; cf. Sl for detailed description).

Incubation and visualization of mycelial growth structures

Using a syringe (Injekt®Solo, 2 mL, B. Braun, Melsungen, Germany), the microfluidic devices were
filled with either liquid LB medium for P. ultimum or glucose-based CCMM for C. cinerea. A small
agar plug (~ 6 mm? containing the fungal inoculum was placed next to the opening of the
microfluidic channel (Fig. 1). The microfluidic devices were incubated for 24 h (P. ultimum) and 48
h (C. cinerea) in a humid and dark environment to allow the mycelia to reach the end of the
observation channel. Prior to the addition of the phages, the mycelial structure in the observation
channel was determined using an AZ100M fluorescence microscope (Nikon, Dusseldorf, Germany)
and Nikon NIS-Elements software. The surface area of the mycelia in the observation chamber
(Amycelia) Was approximated based on the total length of the mycelia in the observation chamber
assuming hyphae to be tubes having a diameter of 7 + 1 pm (C. cinerea)*’ and 10 + 3 um (P.

ultimum) using ImageJ software®” following a modified method described by Jenson et al. (Table 1).

53

Quantification of phage Mass recovery
The mass recovery (M) was calculated as the ratio of the total number of phages in the effluent and
the influent in a given time period (At) as inferred from the difference of inlet (C,) and outlet (Cy)

phage concentration as described by eq. 1

NGt
M =St 100 1)

Quantification of phage retention
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Prior to addition of phage suspensions the microfluidic devices were carefully flushed with ~ 100 pL
of SM buffer (100 mM, lonic strength Is ~ 360 mM) to replace the growth media. A syringe pump
(KD Scientific Inc.,, USA) loaded with Luer-lock syringes (Injekt®Solo, 2 mL, B. Braun,
Melsungen, Germany) was used to administer the phage suspension (= 3 x 10° PFU mL™) into the
microfluidic channels at a volumetric flow rate of 5 pL h™ (average velocity: 1.4 x 10 * m s '; time
for fluid to reach outflow: 43 s (cf. SI)).. After 4 and 22 h at RT, samples from the inlet and the outlet
(i.e. aliquots from the well-mixed effluents after 0-4h (20 uL) and 4-22 h (90 pL)) of triplicate
microfluidic devices containing mycelia were collected and the phages enumerated. Quadruplicate
experiments in mycelia-free microfluidic devices (control) revealed insignificant (< 2 %) losses of
phages in the devices and the tubing material (Fig. 2 & Table 2). The retention of phages to the
mycelial surface (Rp) was calculated using eq. 2, with Cyeffiuent and Cy infiuent Deing the effluent and the
influent phage concentrations respectively, C: effivent, controi the effluent phage concentrations in
myecelia-free controls, Viesiuent the volume of effluent at sampling (20 pL and 90 pL after 4 h and 22

h, resp.) and Amyceiia the estimated surface area of the mycelia in mm?.

R _ ((Ct,inﬂuent_Ct,efﬂuent)_(Ct,inﬂuent_Ct,efﬂuent,control)) * Vt,efﬂuent (2)
p=

Amycelia
The t-test (two-tailed distribution) was used to test for significance and to determine the level of

marginal significance (p-value).

Calculations of phage-hyphal surface interaction energies

The total interaction energy (GxpLvo) between phages and hyphal surfaces was predicted by the
extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory of colloidal interactions.* Gyprvo
is the sum of the electrostatic repulsion (Ggp;,), the Lifshitz-van der Waals (Gyy) and the acid-base
(Gap) interaction energy. While G,g compares the energy status between attached and nonattached

situations, Ggp;, and Gy are functions of the separation distance, h (nm), between two surfaces®°

(eq. 3):
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Gxprvo(h) = Gap+GgpL(h) + GLw(h) 3
Sphere-plate geometry was applied as phages are far smaller than the hyphal surfaces.”” Ggpy, GLw
and G, were calculated as described previously.?? Surface free energy calculations were based on
measured contact angles of phages and fungi using water, formamide and methylene iodide as
liquids (as described above) and the Young equation.® The Gibbs free energies (Table S1) and
Hamaker constants were calculated using the surface free energies of studied phages and hyphal

surfaces applying eg. S4 and eq. S11.

RESULTS

Phage transport in microfluidic devices

Interactions of phages with hyphal surfaces were investigated using a microfluidic platform under
continuous flow conditions typical for subsurface water flows (1.2 m d™) > (Fig. 1) by comparing the
in- and effluent phage concentrations (Fig. 2; Table 2). Control experiments in the absence of
mycelia (Table 2, Fig S2) revealed negligible (<2 %) differences between in- and effluent phage
concentrations (Table 2). Water contact angle measurements revealed that C. cinerea (6, = 131 + 2°)
and P. ultimum (6, = 62 * 6°) were highly and moderately hydrophobic respectively. The T4 and
PSA-HS2 phages were of similar size (= 200 nm) and surface charge ({ = -10 mV) yet differed in
surface hydrophobicity (T4: 6,, = 95°; PSA-HS2: 6,, = 40°; Table 1).

In the presence of P. ultimum, differences between the PFU counts of PSA-HS2 and T4 phages in the
in- and effluents of the microfluidic devices were small (i.e., < 4 %) and statistically not significant
(p > 0.05) at both time intervals (0 - 4 h and 4 - 22 h) (Fig. 2A & C and Table 2). The presence of
highly hydrophobic C. cinerea hyphae, however, resulted in = 25 % (PSA-HS2) and 90% (T4)
reductions of the outflow concentration of the hydrophilic PSA-HS2 (Fig. 2B) and hydrophobic T4
phages (Fig. 2D) after 4h (p < 0.05). This corresponds to a mass recovery of M =7 % (T4) and M =

77 % (PSA-HS2) during the first 4 h of phage percolation (Table 2). Most likely due to blocking

10
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effects of the hyphal collector (i.e., hyphal surface became progressively occluded), the retention of
T4 phages was minimized as similar PFU counts for the effluents and controls were observed after
22 h. As the hyphal density and morphology of the two mycelia differed (cf. Fig. 1C & D),
micrographs of the hyphal structures in the observation chambers were taken, and the hyphal surface
areas exposed to the percolating phages were estimated (Table 1). After 4 h, the calculated apparent
(yet statistically not significant) retention of phages to the mycelial surface (Rp) of P. ultimum was =
2.3 x 10° PFU mm™ for T4 and 4.3 x 10° PFU mm™ for phage PSA-HS2 (Table 2). The presence of
the hydrophobic surface of C. cinerea, however, significantly retained both phages with Rp = 13.6 x
10° PFU mm™ for PSA-HS2 and Rp = 36.7 x 10° PFU mm™ for T4 phages (p < 0.05; Fig. 3). This
results in estimated time-averaged deposition rates of 941 and 2550 PFU mm™ s for PSA-HS2 and
T4, respectively (Table 2). Better phage retention by more hydrophobic mycelia of C. cinerea was

also evidenced by smaller mass recovery of T4 and PSA-HS2 phages (Table 2).

Effect of mycelial conditioned media on phage infectivity and colloidal stability

As myecelial products may influence the stability and infectivity of phages, the effect of P. ultimum
and C. cinerea conditioned media on the PFU counts of T4 and PSA-HS2 was quantified after
exposing the phages to the conditioned media for 0, 4, and 22 h. After 4 h no statistically significant
reduction on PSA-HS2 and T4 phage concentrations was observed (Table 2, Fig. S1). Similarly, no
effects of the conditioned media on PSA-HS2 phage counts were observed after 22 h of exposure. By
contrast, the highly hydrophobic T4 phages exhibited a slight, yet statistically significant (p < 0.05)
decrease of =~ 14 % PFU counts in the conditioned medium of C. cinerea yet not of P. ultimum (= 6

% decrease).

Approximation of phage-hyphal surface interaction energies

11
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Phage-hyphal surface interaction energy (GxpLvo) profiles were calculated using the XDLVO theory
(cf. eq. 3 & eq. S2) based on the sphere-plate model (Fig. 4, Table 1).°” This model is well-accepted

approach to estimate the interaction energies of a phage approaching a surface,®”*’

although phages
are away from the uniform surfaces of colloidal particles. The GxpLvo IS characterized by three
different interaction energies: the primary minimum (@nin1) as the deep energy at short separation
distance h from the sorbent surface, the secondary minimum (@nin2) as the shallow energy at larger
distances allowing for reversible phage adhesion, and the maximum energy barrier (i.e. the energy
the phages need to overcome to get irreversibly attached at the @min1) (Pmaa).t*®* For the given
experimental conditions, the GxpLvo profiles predicted either no (@max1: NO to be calculated) or low
(Pmaxy = 4.7 % 10° kgT at h =10 nm; PSA-HS2) maximum energy barriers for the interactions of P.
ultimum with T4 and PSA-HS2 phages, respectively (Table 2, Fig. 4). This indicates that both
phages, if retained by the hyphae of P. ultimum, would be attracted directly to the primary minimum
®pin1. However, no T4 phage) and a very weak secondary minimum (@minz = -2.7 x 10* kgT at h =
12 nm) for PSA-HS2 phage was calculated and, hence, poor reversible retention of both phages by P.
ultimum surfaces predicted by the XDLVO approach.®*®* For interactions of the hyphal surface of C.
cinerea, the XDLVO approach predicted the absence of @y for both phages and more negative
primary minima than for P. ultimum (Table 2, Fig. 4). No secondary minima were found, yet

attractive GxpLvo values, however, were calculated up to h = 100 nm and h = 40 nm above the C.

cinerea hyphal surfaces for T4 and PSA-HS2 phages, respectively.

DISCUSSION

Effect of mycelia on phage transport and retention
We studied the interactions between phages and mycelia at the micrometer scale using a bespoke
microfluidic platform. The so-called “Soil-on-a-Chip” microfluidic technology for organismal

studies is an emerging field,®> which allows for the precise control of the physico-chemical

12
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microenvironment, high-resolution imaging and the simulation of environmental complexity on the
microscale.?® We assessed the interaction of phages with hyphae both in a quantitative manner and at
the level of single hyphae. To our knowledge, this is the first study of its kind to analyze the role of
hyphae on the transport and retention of nano-sized particles (phages). For this purpose, two lytic
phages of different morphology and physical-chemical properties were applied, i.e., the T4 coli-
phage and the marine phage PSA-HS2. The phages were injected into microfluidic channels
containing growing mycelia of known structure and differing hydrophobicity and the time-averaged
retention of the phages was calculated. Mycelia of the oomycete P. ultimum and of the hydrophobic
agaricomycete C. cinerea were employed. Phage decay due to experimental conditions in the
absence of mycelia was negligible and accounted for in our experiments. . Our data suggest that
passage through microfluidic devices in the presence of moderately hydrophobic mycelia (P.
ultimum) didn’t lead to statistically verifiable phage retention (Table 2). The highly hydrophobic
mycelia of C. cinerea, however, efficiently retained both phages (as reflected by increased Rp values)
and significantly (p < 0.05) reduced mass recovery (T4: > 93 %; PSA-HS2: and > 23 %) relative to
mycelia free controls (Table 2). Differences in the phage recovery also demonstrate higher retention
of the hydrophobic phage T4 than of the more hydrophilic PSA-HS2 phage. Most likely due to
saturation of possible sorption sites, T4 however, showed no significant additional retention by C.
cinerea in the observation period up to 22 h (Fig. 2D) while apparent saturation of the hyphal surface
for PSA-HS2 phages was not yet reached (Fig. 2C). Our findings are consistent with previous
studies showing that hydrophobic phages (and other viruses) are more efficiently retained than
hydrophilic phages®”®®?? They further reveal that sorption of viruses strongly depends on the surface
properties of both the viruses and the sorbent; for instance, positively charged sorbents have been
considered as ideal materials for the removal of viruses from aqueous systems.**™ Our results
likewise emphasize for the first time the role of hydrophobic interactions for the interaction between

phages and hyphal surfaces.®’
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As hyphal metabolites or extracellular products are known to foster coagulation>*°

and hence may
reduce colloidal stability and possible infectivity of phages, we further studied the impact of mycelial
conditioned media on the infectivity of T4 and PSA-HS2 phage suspensions. With the exception of a
slight (14 %) reduction of T4 phage counts after 22 h, no influence of mycelial conditioned media on
total phage counts (i.e., phage infectivity) was observed (Fig. S1). Similar to the known effect of

solid matrices,>"

it even may be speculated that fungal surfaces may protect viruses from
inactivation.”*”® The reasons for the reduction of T4 phages in the presence of C. cinerea
conditioned medium after 22 h remain though unclear, yet are likely to be explained by the effect of
extracellular mycelial products in the conditioned media (e.g., glycoprotein mucilages) that may
influence colloidal stability rather than the infectivity of T4 phages. An additional effect on the
reduced T4 phage stability may be caused by the CCMM medium, as mycelia-free controls also
exhibited stability of 93 £ 4 % (Fig. S2). Our data hence suggest the absence of mycelial effects on
the infectivity and colloidal stability of the phages in the microfluidic devices. They underpin the

relevance of phage deposition as the main driver for the reduced mass recoveries observed in the

presence of the hydrophobic surfaces of C. cinerea.

Phage-hyphal surface interaction energies

Phages are charged colloidal particles®® and believed to follow the principles of colloid chemistry
despite of their morphological and structural variability.>* Applying the XDLVO approach, we
calculated the surface interaction energies as a function of the surface-to-surface distance, h, for a
phage approaching a mycelial surface (eq. 3, Fig. 4). The XDLVO interaction energy is characterized
by the primary minimum (@nn1), the secondary minimum (@nin2) and the maximum energy barrier
(Dmaxt).”’ The XDLVO calculations predicted poor interactions of T4 and PSA-HS2 phages with
hyphal surfaces of P. ultimum as evidenced by shallow @min, (-3 x 10* kgT) for the PSA-HS2

phage® and poorly negative GxpLvo profiles (> = -8 x 10™ kgT) at distances h > 10 nm above the

14
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surfaces for the T4 phage (Fig 4). Only at close distances (h < =10 nm) to the hyphal surface, phages
with a small kinetic energy®’ would be able to overcome the very low maximum energy barriers and
get (irreversibly) attached in the primary minimum. These predictions are in good agreement with
our experimental results showing less phage retention by P. ultimum than by C. cinerea hyphal
surfaces (Figs. 2 & 3). For the latter, the GxpLvo profiles of T4 and PSA-HS2 interactions exhibited
clearly negative GxpLvo values up to h = 40 nm (PSA-HS2: -1.73 kgT at h = 10 nm to -0.06 kgT at h
=40 nm) and up to h = 145 nm (T4: -3.62 kgT at h = 10 nm to -0.06 kgT at h = 145 nm) respectively
and thus remain attractive up to longer separation distances than for hyphal surfaces of P. ultimum
(Fig. 4). the XDLVO predictions reflect the experimentally observed differences of retention of T4
and PSA-HS2 phages by mycelia of C. cinerea and P. ultimum respectively (Fig. 2 & 3) and supports

the applicability of XDLVO approach to study the interactions of phages with surfaces.”’

Implications for phage transport

The mobilization of colloids or bio-colloids such as bacteria and viruses in soil often is triggered by,
snowmelts, or thunderstorms or high-intensity rain events that lead to high loads of the seepage
water.”* Rapid waterborne transport thereby may occur along macro-pores, cracks, or faults of the
partly saturated soil, and hence in cavities where mycelia and their thread-like, adaptive and fractal

networks’>76:35:38

may be typically found.”” Depending on the soil type, filamentous fungi may
exhibit dry weight biomasses of up to 45 t per ha®* and corresponding hyphal lengths of up to 10° m
g* (arable soil) - 10* m g™ (forest soil). Given a retention of phages to the mycelial surface of Rp =
10° PFU mm™ and a presumed hyphal diameter of 10° m, such fungal biomass would translate to a
calculated mycelial surface of ~ 0.0031 — 0.3140 m? or a hypothetical phage retention potential of 3
x 10™ to 3 x 10" phages per gram of soil. This would correspond to 30 to 3000 times the reported

78,79
l,

average number of virus like particles per gram of soi and, hence, be an important location for

phage retention. Some hyphae are also known to become hydrophobic,>® when exposed to air in
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unsaturated soil conditions or during periods of soil drying. Hydrophobic mycelia may retain phages
particularly well when exposed to conditions of soil water flow during major rain events. A recent 1-
year time-series analysis of virus-like particle abundances in soils along a transect with different
land-use practices, for instance, proposed rainfall-induced mobilization of viruses and correlations
between rainfall and virus abundances in non-forest sites.” Furthermore, the physico-chemical
effects of phage and hyphal surface properties on phage retention to mycelia can influence the
structure of soil; for instance, some hyphae exert polysaccharides and glycoprotein mucilages®® that
enable the aggregation of soil mineral particles and organic matter.”* These aggregates play a crucial
role in the retention of viruses due to exclusion effects at the pore-scale.®® At the micrometer scale,

fungi take advantage of the three-dimensional space in the soil.*®

Their small hyphal diameter, which
is approximately 1/60™ the thickness of roots, allows fungi to access tight spaces.*® This promotes the
possible role that hyphae may play in the transport of colloidal particles, as bonding forces tend to be
stronger at smaller size scales.** Consequently, understanding phage-mycelial interactions may help
in planning different environmental and health related applications. For instance, tracer phages,
which exhibit less retention in the presence of fungal mycelia, will be better tracer phages for tracer
studies in terrestrial ecosystems. On the other hand, fungal mycelia with high phage retention
potential can be used in the design of filter systems to reduce or hinder the transport of undesirable
entities, e.g., pathogenic viruses, bacteria or anthropogenic nanoparticles. Accordingly,
investigations concerning the influence of mycelia on the retention of phages could be extended to
nanoparticles, which will be of interest for different applications. Further, the retention of phages by
mycelia may increase the phage accessibility to bacteria, influence the multifarious bacterial-fungal

81,34

interactions , and/or promote phage-induced gene mobility in microbiomes of the mycosphere.

Future work will need to include studies under more complex environmental conditions.
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FIGURE LEGENDS

Figure 1. (A) Photograph of the microfluidic platform used to monitor phage-mycelial interactions.
A mycelial inoculum was placed next to the lateral opening of the microfluidic device (made from
poly(dimethylsiloxane) (PDMS) silicone elastomer), allowing hyphae to penetrate and grow into the
observation channel via a constriction channel, as illustrated in the two-dimensional overview of the
microchannel geometry (B). Hyphal growth was observed in the observation channel, as indicated by
the red dotted frame in (B), using bright field or fluorescence microscopy. (C) A bright-field
micrograph of P. ultimum hyphae (24 h post inoculation). (D) A fluorescence micrograph of C.

cinerea hyphae (48 h post inoculation). The direction of hyphal growth was toward the outlet.

Figure 2. PSA-HS2 and T4 phage concentrations in the influent (light grey bars) and the effluent of
the microfluidic devices in the absence (black) and presence (grey) of hyphae after 4 and 22 h of
continuous flow (5 pL h™). Phages were enumerated by plaque forming units (PFU) depicted by total
(primary y-axis on the left hand side of each panel). Data represent averages and standard deviations
of triplicate experiments (except for duplicates for PSA-HS2 with C. cinerea). The asterisks on top
of the columns refer to statistically significant differences (determined using two-tailed t-test)
between the effluent concentration (in the presence of hyphae) and the corresponding controls (i.e.
influent concentration and effluent concentration in the absence of hyphae): p < 0.05 (*), p < 0.01

(**) and p <0.001 (***).

Figure 3. Total number of T4 or PSA-HS2 phages retained per mm? of the mycelial surface after 4 h
of phage percolation through the microfluidic devices containing either hyphae of P. ultimum or C.

cinerea. Data represent averages and standard deviations of triplicate experiments (except for
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duplicates for PSA-HS2 & C. cinerea). Asterisks indicate significant differences, if present, between

different phage and mycelia pairs: p <0.01 (¥**) and p < 0.001 (***).

Figure 4. XDLVO interaction energy profiles between phages and mycelia. The interaction energy
profiles show the overall interaction energy (GXDLVO; black solid line), the acid-base interaction
energy (GAB; orange long-dashed line), the electrostatic repulsion (GEDL; blue short-dashed line),
and the Lifshitz-van der Waals energy (GLW,; red dotted-dashed line) as a function of distance

particle h (nm) between the phage and the mycelia surface.
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Table 1. Overview of the names, classifications, size and physico-chemical surface properties of the
phages and hyphal organisms used in this study.

Name Phage host name Zeta potential Water contact angle Size Surface area
(Name of family or class) 4 Oy (head/tail)

(mv) (degree) (um) (mm?)
PSA-HS2 Pseudoalteromonas H13-15 -10+1 40+5% 0.21?
(Siphoviridae) (0.06/0.15) @
T4 E. coli (Migula 1895) -10+2 95+5% 0.203?
(Myoviridae) (0.09/0.113)?
Pythium ultimum -11+3 62+6 10+3" 124019
(Oomycete)
Coprionopsis cinerea -13+4 131+2 7+1" 0.9+04°
strain AmutBmut pMA412
(Agaricomycete)

3 Data taken from Ghanem et al.?* Average and standard deviations (n = 20) of hyphal diameters, o Average and standard deviations of
the surface area of mycelia (n > 5) after 24 h (P. ultimum) and 48 h (C. cinerea) of inoculation.
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Table 2. Calculated retention (RP) of phages to mycelial surfaces (0 - 4 h) and mass recoveries (M) of transport experiments in microfluidic
devices, as well as the stability and viability of phage suspensions in the presence of P. ultimum and C. cinerea conditioned media. The values of
the maximum energy barrier (®max1), the primary minimum (®pmin1), and the secondary minimum (®pin2) of phage-mycelia interaction energies
were derived based on the XDLVO approach using a sphere-plate model.

Phage Name of hyphal Retention of phages Phage mass recovery Phage mass recovery Phage stability Calculated Calculated Calculated energy
name organisms to mycelial surface with mycelia without mycelia after 4 h maximum energy energy at primary at secondary
(Rp) after 0-4h after 0-4h (after 22 h)© barrier minimum @ minimum @
after0-4h®" 4-22n)"2 4-22n)"2
M M ® maxl @ minl ® min2
(PFU mm™ x10°) (%) (%) (%) (keT x10°%) (keT x10% (keT x10°%)
PSA-HS2 Pythium ultimum 4.26 +0.6 92+3 98+5 97 + 23 4.7 -1.1 -0.3
(108 + 12) (94 +0) (98 + 16)
Coprinopsis cinerea 13.6+1.3 77+2 99+ 0.2 102 +11 na® -1.9 na?
(75 + 6) (97 £ 0) (99 + 16)
T4 Pythium ultimum 23+0.8 98+ 4 99+ 1 108 £ 6 na® -14 na®
(107 + 15) (109 +7) (94 +3)
Coprinopsis cinerea 36.7 +0.61 7+1 98+5 106 £5 na® 29 na®
(86 +11) (92 +0.5) (86 + 6)

 Values are corrected for losses in the absence of mycelia (cf. eq. 2). ® Influent concentrations of phages (PFU mL™): PSA-HS2 and P. ultimum: 1.7 x 10°, PSA-HS2 and C. cinerea: 3.4 x 10°, T4 and P. ultimum: 3.3
x 10% T4 and C. cinerea: 2.6 x 10° PFU mL1. 9 Phage stability in the presence of cell-free conditioned media. ¥ As predicted by XDLVO interaction energy profiles (cf. eq. 3, Fig. 4). ® No value could be calculated.
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